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ABSTRACT 
The.effect of cycle rate and elevated temperattl?'e 
,en the low cycle fatigue· life of "T--1" steel was 
studied in complete revei,sed bending using the Lehigh 
·-~-- --~------~~=~·"··mmtileve?' fatigue specimen. Room· temperat __ ure, 60€P, 
:.• . 
;._,,.. 
- ..... ·- - --
. 
800° and 900°F low cycle fatigue curves over the 
.. 3000 .. 100 ,000 cycle life range were developed .at 1100 
~ ........ 
cycles per hour and compared to those determined at 
12,000 cycles p·er hol.ll" for the same temperatures. 
It is shown that decreasing the cycle rate 
results in a decrease in the allowable strain to 
failure over the entire 5000-100,000 cycle life level 
at room temperature,600° and 900°F. At 800°F, how-
ever, beyond 60 1 000 cycles the allowable strain range 
f'or failure at the slower cycle rate_ is greater than 
at the faster cycle rate. It is also shown that the 
effect of temperat~e on the low cycle fatigue life 
of "T-1" steel varies with cycle rate, strain level 
and temperature range. At 600°F for both cycle rates., 
the allowable strain range for 5000 cycle life 
- . 
fatigue is less than that at room temperature. At 
the 100,000 cycle life level, however, this is 
reversed. At 800° and 900°F for both cycle rates, 
l 
--..-... -~-..-..-·, ~-°""',._. .. ,... •L .,,..... , ,·,-,-.-,-.,.....,~_.___., .. ,..._ ~ -•- • •... . . 
II. 
.. , .... ,.,., ... ,, '" 
•,"( J 
- ' 
... . ., 
2 
the 5000 and 100,000 cycle allowable strain ranges are 
less than those observed at room temperature, although 
in the case of the 900°F, 1100 cycle per hour data, this 
I 
-~-
diffe~ence was sinall. 
Metallogra.phic examinations o:f the ·'structure and 
···~· -, . 
method of fatigue crack propagation a.t room tempe?tat-we, 
J 
800° and 900°F at the two cyele ~ates are discussed and 
photomicrographs presented. Changing the cycle rate 
from 12,000 cycles per hour to 1100 cycles per hour had 
no observable effect on the manner of fracture and 
fatigue .;·crack propagation over the temper9:,tu:re range 
~ 
f?aom room temperature to 900°F. However, at the 
elevated temperatures,inclusions influenced cracking by 
offering a preferred location ror propagation at the 
interface between the matrix and inclusion. 
~·· A limiting design criterion fo:r failure at 
elevated temperatures is developed based upon the 
available creep rupture and low cycle fatigue data 
for "T-1" steel. It is shown that (1) at temperatures 
~. I ., 
above 950°F, creep is the dominant factor, (2) between 
700° and 950°F, adequate fatigue st~ength should be 
·• the limiting design criterion for 100s, 000 cycle life 
vessels, and (3) below 700°F, design based upon static 
st~ength is satisfactory. J 
.-
"'- I •. 
\ 
·'1 
... 
"' ,,., 
\ 
INTRODUCTION 
'• 
In the past several years significant advances have 
been made in the knowledge .. of plastic theory and a bette:r 
-··-··· . ---···-·-·--· -··-· 
understanding of elasto-plastic statea realized. This 
fact has led design engineers to a--n&w---c-one-e-pt------&.f---
.. 
. 
--de_sign; namely, one involving design !'or finit·e fatigue· 
life. Previously, designers were concerned with 
endurance limits and designed fo~ many millions of 
cycles. For pressure vessels, nowever, few service 
conditions are encountered for which the loads are 
. repeated millions of times. In the great majority of 
boilers, st~rage tanks, and other types of vessels, 
1J. 
the number of loading cycles sustained is usually in 
the thousands with a few cases perhaps in the 
hundreds of thousands. This is a relatively short 
life in terms of normal fatigue. 
Recognizing the potential importance of fatigue 
in pressure vessel service in the design for finite 
11.fe., and the fact that thi's region of the fatigue 
curves was not emphasized in previous studies of metal 
fatigue, the Pressure Vessel Research Committee 
instituted ·a series of studies on low cycle{~ fatigue 
* General agreement exist~ that t)le upper limit of low cycle fatigue is lCY+ or 105 cycles and that the lower limit is the static test represented by eithe~ 1/4, 1/2, 3/4, or 1 cycle, depending_upon the inve·stiga tor. 
3 f. 
'l 
•••~••••<-,••M-·-·-- • - • .~ ...... ________ ,,,_ •. ' . 
' l. 
• 
L 
' 
.. 
"'-
I 
in 1950 which are still in progress. Each test in the 
series was designed to improve the knowledge and tmde~~ 
. standing of the variables assoc·iate-d with low cycle 
. . '. : . ,.. . 
----·- .. 
~ -· " ... .. ., 
fatigue·~ Ba.sic f'atigue data obtained from tests at 
Lehigh University, Ecole. Polytechnique, the University 
e_f Illinois, and the Babcock and Wilcox Company are 
being used along with data from full~size pressure 
vessel tests conducted at Southwest Research Institute 
in an attempt to predict the low cycle f'atigue life of 
pressure vessels and thus design for finite life on the 
basis of available mechanical property data. 
To obtain failure in this relatively few numbe~ 
of cycles (5000 to 100,000 being the primary area of 
interest) stresses exceeding the yield stress of the 
material under study must be imposed. Although 
I 
pressure vessels a.re designed with a safety factor of 
four based upon the ultimate tensile strength, it is 
quite possible to develop stresses in the plastic 
range during service due to stress concentration at 
nozzles, support skirts, large closure heads and 
possible accidental overloading of the vesse1. Since 
these stresses could produce microcracks leading to 
1J service failures, the PVRC experimental program has 
been primarily concerned wit~ the plastic fatigue -~f 
pressure vessel steels • 
:q. 
r 
.: .... .:.._ 
j 
/ ,. 
. -
;,-. 
5 ..... 
Most of the previous work ·on the low cycle fatigue 
behavior of pressure vessel steels has concent~ated on 
tes~s conducted at room temperature, since this is the 
,. ---- -----------pp_ima-Py-----t-emperature of connnercial intereat. At the 
pzaesent time, however, there is interest-,~-e--specially 
--· 
in the nuclear power and chemical process industries-., 
in the construction of pressure vessels for operation 
___________ · _ ·' .. -.. -·---------------- __ at high t.emperature, This brings up additional 
problems in the calculations o-f limiting design 
'' 
stresses. Under present conditions of design .for 
limiting stress, (ultimate tensile strength/four) 
it is not 1m:reasonable to assume that at some tempera-
t'U?'e,possibly below that at which creep becomes 
severe, the vessel should be designed on the basis of 
high temperature ~atigue strength and at higher 
temperatures or longer times that the criteria govern-
ing design should be creep. Since creep is a time 
dependent phenomenon and fatigue cycle dependent, the 
effect of cycle rate should be taken into acco1n1t. 
At low cycle rates, long times to failure, the longer 
time of operation at high temperature may vastly alte~ 
the strength characteristics of the material by 
structural changes such as precipitation hardening, 
aging, or tempering. At slower rates and longer 
I· 
-!:, 
6 
times, creep may become the dominant factor. 
At the present time there is a scarcity of 
information concerning the effects of' cycle rate and 
temperature on 1.ow cycle fatigue. life. The purpose of 
this -study was to establish these effects .on the 
fatigue :resistanc·e o:f pressure vessel steel "T-1 11 and 
combine these data with creep rupture and high. tempera-
:, 
... -- - :- •.. , 
ture tensile data and arrive at a limiti~ criteria ___________________ -_---------~- ____ _ 
-- ··- . . - - - -,· - - -- •· -·- . ,---·--· ---- ..... -------------·- ·--· . ----------- ----- - - ... - ·- - -··---··· _ .... ······------------· '. -- ----
---· M••--• - -----•••-- • --••·-•·--·-•••-•••-•-••·---·•·"""•·• --• 
for des~gn at high temperature. The specimen used for 
test was chosen to closely approach pressure vessel 
service conditions in both size and type of loading. 
T'.he subject or low cycle fatigue has been 
extensively reviewed in three fairly recent papers. 
Benham(l) presents a summary and analysis of about 
rifty references dating to 1957. Yao and Mtmse( 2 ) do 
likewise through 1961, and Coffin(3) gives a good 
\\ 
I 
review and analysis through June, 1962. 
It was concluded by Gross, Gucer and Stout in 
1953<4) and is now widely accepted by most investigators 
that the strain rather than stress as the tcontrolling 
variable in measuring test severity in low cycle 
fatigue studies furnishes more significant results. 
Furthermore, it has been fairly extensively -
verified(5) that life is governed by the total strain 
_t,-
;-.-.--. 
-------- --· . -~ .. -. 
----·-···· -~ 
, ...... : .• ~-·••·•·•..-w<,,.__,..., ... e1,i.'<'l',r-,.~.t<"'i'<J11,•l('l·•:.m,JA!1•-:1ct'1~~~.w:11•~Wi~e;'Atr{!,l.~!\,!;.'l'l>.~d-'Jlt-L~f:'1{~[~<i:1;.:r..::l,J,.,~.i,,.::.;_flt;l<!.t',sl''J\1".L':Y...,\>f..-1,~Pl\,,::lr,\~~,,wll,,">~•t'.1>'.•"'"'·"-'·' .. <'.......,_.. .. ..._.,....,...,,.,~=· .. ··•'-•'~',,..,__'"""""-.,,,....._...,......,.,.:._.,_., _ _..,_,.~,.....,. •. ...., __ .,..,.,.._,""-•-•-".,_ ...... ~ .... '.,.,,._,,.,..,...,,..--.._,,,~=""'1~,11"1;~l.!:"-~~:.:itlflt. 
r • 
-~ .· , . r 
7 
< i-ang_e, .consisting of an elastic and a plastic component., 
each of which produces a straight line when plotted 
against life on log-log coordinates. 
-i:mong the few studies of temperature effee .. ts · on 
lQW cycle life that have been tmde:rt·aken, Weiss, 
Sessler' ami Packman (6 ) report that !'or the two pressure 
vessel materials AJ02 steel and 5454-0 aluminum alloy, 
.. 
that little effect is seen up to 400°F in the aluminum 
while an increased strain to failure in the steel is 
obtained. At 800°F, however, the ·steel has a 
considerably reduced .fatigue life as compared to room 
temperature. They conclude that the effect of test 
temperature on these materials can be regarded as a 
reflection of the effect of test temperature on 
unia.xial fracture ductility. 
,,,. In an investigation by Baldwin, Sokol, and 
Cof':rin< 7>, AISI 347 steel was tested-in cyclic-strain 
tests at constant temperatures ranging f'rom room 
temperature to 600°C (1115°F). The test results 
indicated that the fatigue strength decreases with 
increasing test temperature. 
Several investigators have studied the effects 
,, 
of cycle rate variations on (1) bare and alclad 
24 s-T3 aluminum alloy< 8 >, (2) :reversed bending 
"~ ....... 
,!;. 
. ----··- -~---·,-~··......,_ 
.:., ..... ~. 
... 
. . 
~ 
,'f. ' ' 
8 
' 
., 
fatigue tests of two steels<9 >, (3) axial strain cycling 
tests of Inconel, Hastelloy B, and beryllium at 
temperatures up to 1500°F(lO), and (4} rotating bending 
. ( 11) . . , 
te st s-.---Oi'--h:1d-r-0-gen.-emb~i t tl ed . stee-ls--------·------The general--------.,,---,,----,--------11 
------· . ·-·••ff••·· 
conclusion from this work is that at frequencies of less 
than 1000 -c-pm~ tne··--··:ra tigue strength decreases with a 
decrease in cycle rate. 
· (12) (13) Eckel and Gohn and Ellis also present data 
for acid lead at slightly elevated temperatures. A 
' 
mark~d decrease in fatigue life with decreasing 
frequency was observed. It was further noted that as 
the .frequency was lowered, !he fracture was observed 
to shirt· from transcrystalline to intergranular in 
character. 
DePaul(l.4) has obtained data on the low cycle 
fatigue life of three pressure vessel steels, "T-1" 
.. 
mill quenched and te~ered, A212B and A387B, both 
/ 
normalized and stress relieved and spray quenched and 
tempered. Completely reversed bending tests were 
performed at temperatures or 600°, 800°, and 900°F at/ 
a cycle rate of 12,000 cycles per hour. The "T-1" 
data obtained by DePaul will be used to establish the 
effects or cycle rate • 
., :.,. 
/ 
... ~ . 
; 
a 
., 
-
.. 
EXPERIMENTAL PROCEDURE 
Material Tested 
The pressure vessel material of interes·t in this 
study was "T-1 ", mill quenched and tempered. All 
specimens were from the same heat used previou-sly-----a~t--------- _ 
- Leht·g11··-~r.fi·versity· ·11r···ta"t:[gue studie-s. - The material 
was spray quen~hed from 1700°F and tempered one hour 
at 1260°F. Chemical analysis of this material is 
found in Table I. Table II lists mechanical property 
' data and Table III fatigue data obtained from testing. 
Testing Apparatus 't 
The testing was performed on a· constant deflection, ~ 
cantilever beam type machine as shown in Figure -1 and 
described in previous published work(l5,l6 ). The rate 
of loading was 1100 cycles per hour in complete 
reversed bending. The specimen, shown in Figure 2, 
was the standard Lehigh cantilever fatigue specimen 
and was prepared from 3/4-inch as received plate as 
follows: the longitudinal axis was cut from the 
plate in the same orientation as the rolling direction, 
the specimen was then milled, and the reduced section 
\ ground to an 80 grit finish with the sc:ratches running 
parallel to the longi tudina.1 axis. 
9 
. 
- ~ - ~ . 
- -- ---
.. 
.. 
... • •,·-c § 
/ 
10 
,I ! ' ·~,. 
Strain measurements 
Strain measurements we~e made on each sample· as 
. ' . 
--.follows: 
{a) At room temperature, strain was determined b-y . 
"··· ---··· ··-,·- -use or a Tucke~man optical strain gage with a nominal 
gage length of 0.25 inch. The _gage was situated on 
the specimen with the center of the ga.ge length 
..... 
' 
located at the midpoint of the reduced section. To 
el1minate strain hardening effects, the measurements of 
both total and plastic strain were made after the 10th 
cycle (4). 
(b) At the higher temperatures of tes~ 600~ 800~ 
and 900°F, strain measurements were made by use of a 
specially designed mechanical strain amplifier as 
shown in Figures l and 3. This gage, having a gage 
length of 0.47 inch, was designed to work on the same 
/\ basic principle or operation as the Tuckerman gage. It 
is not limited in its use at elevated temperature, 
however, as is the Tuckerman which becomes difficult to 
use at temperatures greater than 600°F. The strain 
amplifie~ was calibrated against the Tuckerman gage 
with respect to both plastic and elastic strain. 
Calibrations were made at both room and elevated 
temperature and experimental erro~ was calculated to 
11 
be well within the scatter normally associated with 
·· fatigue testing. St:rain measurements :for the elevated 
. 
' 
temperature tests were-made after i;p._~._JQ.th cycle rather 
-----· --~ --- ~ - ---- -- - - ----
· than the 10th. . 
Vertical de.flection readings of. the specimen at 
the point o:t loading were also reco:rded with the strain 
i-eadings. 
Testing 
A series of specimens was run at room temperature, 
600°, 800° and 900°F, at various total strain le~els, 
listed in Table III, to produce ratigue failure over 
the range 0£ 3000 to 100,000 cycles. All specimens 
" were run to final failure which was taken to be that 
point at which the flexed section could no longer 
' 
transm.i t a use fu1 load to the fixed ~nd ( 14 ) . This 
point was determined by ~eans of an SR-4 strain gage 
mounted on the loading arm, as shown in Figure 1. 
Microstructural studies were performed using 
standard metallographic techniques to study crack 
propagation and structural changes occurring at the 
various temperatures or testing. 
The tensile properties listed in Table III we~e 
evaluated using the standard ASTM .252-inch test bar • 
. :..:-···-· 
. ----· 
I,· 
;i 
• 
"• '-, T 
/j .. 
- .. ·:.--: .i 
.s· . .. PRESENTATION AND· DISCUSSION OF)RESULTS 
I 
-
Fatigue Tests--
-
- . - - ········- -.. 
. . --- - -·- - . ---·-·· _____ .:_:.:._ ____ ·__:,,,, ___ .,,_. ____ ._ ___ .. ------- ---- -----------·--·-·-- -------·-···--·-- -- · - m,....e ···· .. r·e-·su· ---1 .. --·t n -·-o·-· ·r····tk·e· · ·· ·~a··-~-~-·g .. ···u· :·e:· ·- ·t.···e· · ·-s·· ·t· ·s·-····· ... · ··a·-·· .. t-....... ·1 .. ··· .. 1····0 ......... 0···· .. eye le s · _______ .. _____ ---"- -·····---···-·- .... · . . . . .. ·. . . .L J..I.. . ii> LJ.- -- ... .J.·: ---·l.r·.l. - . -. . 
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~es 4-6. The results of the tests at 12,000 
.. 
cycles per hour performed by DePaul and obtained 
f~om reference (14) are shown in Figures 8 and 9. 
Table IV and Figures 4, 5, 8 tand 9 show both the ~-
ettects of cycle rate and temperature on the low cycle 
fatigue life of "T-1" steel. At room temperature and 
600°F, the principle difference between the two cycle 
~ates, excluding temperature effects, is that for 
greater than 5000 cycles, the strain to failure is 
'-decreased slightly by the slower rate of testing. 
The effect of the 600°F temperature is very similar at 
both cycle rates. It is seen that a slight dec~ease 
in the 5000-60,000 cycle lire strain level occurs in 
both cases, however, beyond 60,000 cycles at the faster 
rate and 75,000 at the slower rate, the 600°F curve 
crosses that of room temperature and a slight increase 
in st~ain range to failure is obtained. 
At 800°F, a striking difference is observed as 
com.pared to room temperature and 600°F. It is seen 
12 
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,. that.little ~ifference in cycle life st~ain level is_ 
J 
present for the two rates at the 5000 and 10,000 cycle 
. 
. 
. -·-·-----life. ~ange s. · -- Beyan<i ·· -appro:x;1~.:te.ly __ lOj:000 -_···· and··· •-llP ·· to - .... , ••• • •u• <OO oHO< o,_ ..................... -·~» ... ,:-••-:..•• -•--•.... -.... •• .... 
· 60,000 cycles, the raster r.ate curve crosses above the 
. 
. 
slowe~ rate curve and the allowable strain range to 
failure is greater f'or the fast-er· cycle ~ate. At 
60,000 cycles and above, however, this trend is 
-
" 
reversed due to a pronounced "lmee", a convex bend, in 
the faster rate curve which occurs at 45,000 cycles. 
This lmee causes the 800°F fast rate curve to cross the 
800°F slower rate curve ror the second time, and has the 
effect of markedly reducing the cycle life strain level 
beyond 45,000 cycles at the faste~ rate as compared to 
room temperature and 600°F fast rate and 800°F slow 
rate. No such knee is seen in the slow cycle rate data 
but a sharp concave bend does ogcur at 4500 cycles. 
The marked difference in the two curves at 800°F 
could be attributed to the complex aging phenomenon that 
has been observed in this steel at these temperatures 
and times using room temperature impact testing. Accord-
ing to Pense, Stout, and Kottcamp{l7), it is believed 
that aging of this steel between the temperature range 
of 500 and 1200°F is of two types as follows: (1) a 
rapid short term aging, perhaps a result of~ tempel' ,. 
. ·---.:, 
.. 
I-I:~ 
-· 
• 
embrittlement and (2) a long time aging probably brought 
about by a precipitation phenomenon. In the first case, 
.. . 
.. 
- .. , ,.. 
·-- ,, .. -.- . ---·- -- - ---... ---··· . , .. 
~ere is no strength increase accompanying the aging. In -- . -----·····----~---··--.......-..,----- - - ~- ~- -r---'l~,...,..,,....,. .... - ........ -
•J 
_,. 
.. the longer time ·aging process, how~vei,, it was fo,md ,i;, 
........ --··-"···-........................ that substantial strength increase·s ac,company the_ long · 
term embrittlement. By use of the data presented in 
'r Figure lO(l 7), it can be observed that the knee in the 
faste~ rate curve and the concave bend in the slower 
rate curve are both equivalent to a time at 800°F that 
. corresponds to the end of the fi~st type or aging 
phenomenon described above (approximately 4 hours). 
The greater slope below 4500 cycles in the slow 
cycle rate curve and above 45,000 cycles in the fast \ 
• 
~ate curve (Figures 5 and 9) could be attributed to 
' 
averaging of this first type of embrittlement 
phenomenon. Beyond 4500 cycles, the second aging 
phenomenon begins with a resulting increase in 
st~ngth, thus accounting for the lesser slope (or 
-improved fatigue strength) in the slower cycle rate 
curve beyond 4500 cycles. This improvement or concave 
change in slope of the __ raster cycle rate curve is not 
observed because testing beyond 100,000 cycles or 9 
hours was not pe:z-formed at this cycle :rate. 
. . .... ~~ ·.. . . ' . 
l 
., . 
~ ----·----- ........ ---- -- - -~ .. 
-
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At 900°F, both cycle rate curves are very similar 
to their 800°F -counterparts except that in the faster 
_-·-···rate curve, the ·''knee" occurs after approximate.ly 62.,000 ... 
-.--·-··---··-· .. -... ·---··-·-·----- . ---··· ·- -··--·- ··--·------ .... -········-····- -·-·-· - _ _._ ···~· ·- -···· ' ... 
,. 
. ' 
Figure 10 which shows that the range of embri ttlement 
occurring f:rom the first type of aging phenomenon is 
extended at 900°F as compared to 800°F. 
Figures 5 and 9 also show that little difference 
is observed between the 800° and 900°F 12,000 cycle 
pe~ hour fatigue curves over the range of 5000-100,000 
cycles. In both cases, the allowable strain to failure 
over the entire range is decreased by the elevated 
~ temperature of testing as compared to that of room 
tempe~ature, but at 900°F this decrease is small. At 
1100 cycles per hour, the 800°F curve is only slightly 
' 
reduced from that or room temperature, however, the 
entire 900°F allowable strain range to failure is 
markedly reduced from that of 800°F. This reduction 
could be the result of surface oxidation, as considerably 
more oxide was observed at 900°F than at 800°F. Since 
one of the governing factors of fatigue life is the 
surface cond'i tion of' the specimen and roots of the 
fatigue cracks~ oxidation becomes an important facto~ 
at the relatively longer times of testi~g at the slowe~ 
rate. 
. . . : . . 
. ····---- ·- .•. - . • ·-- • ~--··-·~----- -e --4 11aq1 -,Q-,·-·-·~ . -. -~-, ..... ---~---- .... -.-... ---.-._-,.-·., ... ,., .. - • ·······-·~,~~··,o.,,~--·-· ---.---···--·-··--·-··-··--.---· --- - -
--:'>'r •.• · •·. • .. ,• 
./ 
! 
I ;, 
~· i 
.•. , 
... 16 
The plastic strain hrange fatigue curves ove:r the 
same temperature r_ange as discussed above for the two 
.. 
. ··--- --- .. - . ,·,···-··- , ....... - - .... ..., . .,. ... ~-·- ... 
. ·· ··_ -____ -··-· __ : __ - :· __ -:·, ___ ,_-----_---- · __ ... ··: .... : ... ciycle .rat.es ... a.r .. e ... c.ompiled .. -a.Ild ... -shown-- in --Figures----11.-and - ~----~-~-=--~-----·--""--~~~--,~~-----~--~----.. ------
I ,, 
i 
'I 
~ . 
·-·· -·- ····--·-··---·-···--.' 
Figure 13, which is a plot of the measurements or·---- --- -
the elastic and plas~tio components of the measured 
strains listed in Table III, shows that the influence 
. 
o:r increasing tempe·rature fo~ this material is to 
increase the plastic component l·of total .fatigue strain. 
This is in line with observations made by DePaul(:1,4). 
The data in Figure 11,for the room temperature and 600°F 
tests, show that the slower cycle rate plastic strain 
ranges are somewhat smaller at these temperatures than 
for the faster ones. At higher temperature, 800° and 
900°F (Figure 12), all or the data points fall into one 
band and difference between temperature and cycle rates 
are indistinguishable. 
Microscop;y: 
Metallographic examination by light microscopy of 
the .fractures o:f the specimens tested at room tempera-
ture, 800° and. 900°F Jt at both cycle rates did not 
reveal any readily observable differences in either the 
'Jll. structure or in the crystalline manner of fracture oveP 
this temperature range. As shown in Figures (14-17), 
the struct~e appears to be either lowe~ bainite o~ 
·,--·---+--.... _-- -
. 
./.. 
• 
I 
I 
I= 
',, _____ _ 
.. --·.···#'. 
... 
~. 
'· 
quenched and tempered martensite; the fl'act·ure path in 
each case is primarily transgranular and seems to be 
more controlled·by the macroscopic stress field on the 
specimen and by inclusions than by any othe~ micro-
structll?'al feature. The photomicrographs in Figures· 
(l4 ... 16) show cracks propagating .from t~e surfac,e of 
the reduced section into the center of the specimen. 
Note that t·he inclusions indicate the rolling direction 
of the test specimen. At 800°F, it was observed that 
the fatigue c~acks exhibited a preferential 
propagation path along the interface of an inclusion 
and the matrix when inclusions were present in the 
vicinity or the crack path (Figures 15, bottom, and 16) . 
. -. This effect was not as pronounced at room temperature 
(Figure 14, top). Figures 15 and 16 also show that 
at elevated tempe~ature conside~able branching of the 
fatigue cracks occurs as compa~ed to, the room tempera-
ture results shown in Figure l4. Figures 15 and 16 are 
also representative o~ the results obtained at 900°F. 
Design Criterion at Elevated TepIPe:ratu:re 
The results of the fatigue work at the two cycle 
rates are summarized and combined with results of the 
elevated temperature test {Table II) and creep rupture 
data for "T-1" steel obtained from the companion 
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' ~ ~ -·. . . 
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study(lB) sponsored by the Pressure Vessel Research 
Committee at Lehigh University on the creep rupture 
properties of A212B., A387B and "T-1" steel. These 
results are found in Tables IV and V and shown in .. 
Figure 18. 
In Figure 18, a common design criterion, one~ 
fourth of the ultimate tensile strength, is compared to 
four fatigue criteria and two creep rupture criteria. 
The creep rupture criteria is stress to cause rupture 
. in 10,000 and 100,000 hours. The 100,000 hour and the 
10,000 hour data at 1000° and 1100°F are extrapolations 
:f'rom experimental values(lB) ,4eveloped at Lehigh. ~e 
.P 
four fatigue criteria are the strain range to cause 
railure at 10,000 cycles divided by six and multiplied 
I~ 
by Young's Modulus and the strain range to cause 
failure in 100,000 cycles divided by four and multiplied 
by Young's :Modulus at both the standard cycle rate o:f 
12,000 cycles per hour and the reduced rate of 1100 
cycles per hour. These criteria selections are based 
upon data(l9) taken .f'rom results of f'ul.l scale pressure I 
vessel fatigue tests conducted by PVRC at Southwest 
Research Institute. These data, shown in Figure 19, ·-· 
show that the behavior of a steel in the Lehigh 
cantilever bend test can be related to actual vessel 
\ " 
·-.. ·--:-:-· 
I I 
..,._ . 
·"' 
. I 
.. I 
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service conditions by application of a.strain reduction 
facto~ to the Lehigh data. This facto~ takes into 
··-. 
account strain raisers not eneountered in the Lehigh 
specimens ~such as st:ress coneentration at nozzles, 
·--. 
support skirts, ~d .heads and include defects and disel!_ 
continuities at welds. As mentioned. previously, these 
stress concentrations could produce microe~acks leading 
to service railures. 
At the 100,000 and 10,000 cycle life levels, 
Figure 19 shows that the fatigue strain reduction factor 
is 4.0 and 600 respectively. Using these values, the 
., 
st~ain observed at the above levels for both cycle rates 
.. --·-
( Table IVJ were reduced by the appropriate factor and 
multiplied by Young's Modulus at the appropriate tempera-
ture to· obtain a st~ess value~ This is a valid calculation 
of stress since the reduced strains are in the elastic 
range. These calculated fatigue stresses are the values 
appearing in Table V and in Figure 18, which shows the 
~elationship between temperature and failure mode for 
•T-1" pressure vessel steel. 
Figure 18 shows that (1) below approximately 950°F 
stress rupture should not be a significant problem if 
design is based upon one-quarter of the tensile strength, 
(2) the curve for the stress to cause fatigue failure in 
/ 
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' . 
• I 
-~ 
•• 
.. ~ • ..: .".!: ••.•. 
. . . ,,·:: . :~ 
20 
J 
10,000 eye.las appears to cross the one-quarter tensile 
. 
. 
strength curve at temperatures greater than 950°F for 
·· ·- the slower cycle rate and seems ·to level out before 
,.. 
c:r:ossing at the faster r~te, (3) the most~ severe f'ati.gue 
requirement is ;that for the 100,000 cycle life; these 
curves cross the one~quarter tensile strength curve at. 
approxi_m.a.tely 725°F for the faster rate and at 875°F. 
_,- for the slower rate, (4) beyond 800°F at the f'aste~ 
rate, the fatigue strength tends to recover and at 
875°F and above is greater than the static strength at 
these temperatures. 
These results suggest that one of the serious \, 
problems for design of pressure vessels to operate 
above 700°F is that of adequate fatigue strength. It 
appears that below 700°F, fatigue resistance is not a 
problem for this material. Above 950°F, creep rupture 
properties appear to be the deminant factor. Between 
these two temperatures, however» fatigue resistance 
seems to be a significant design limitation. · 
In applying the :results of Figure 18, one must 
remember the basis of its derivation •. ,, The two cycle 
rates of testing are not representative of actual 
vessel se:rvi·ce, in P.articular, that of 12,000 cycles 
per hour. The data ~e usefu1 9 . however, in that a 
trend between the two rates is indicated. It appears 
. \ 
'• - .. ).....-.~----~----
.•: -· 
I: 
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that in general, as the cycle rate is reduced, design 
based upon fatigue life becomes the more severe crite»ia. 
Further t.eats are -planned in .this a:rea- at 120 and- 2(l -
cycles per hour to obtain the minimum temperature at 
which design should be based upon a fatigue criteria 
rather than tensile st:rength. One other· limitation of 
these calculations is that the fatigue strain reduction 
:factors sel~_eted from Figure 19 apply to room tempera.a 
ture. Possibility exists that these factors will have 
.-, 
somewhat different values at higher temperature. 
1)i 
. -In spite of the above limitatians,however, Figure 
16 represents the best estimate, of the rate of fatigue 
behavior in pressure vessel service obtained from the 
present PVRC program. Filrther work is being conducted 
the results shown more meaningful. 
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CONCLUSIONS 
The preceding experimental results and discussion 
-- lead to the following conclusions for "T-1" s.teel: 
(1) Decreasing the cycle rate from 12,000 cycles pe:r 
in the allowable strain to failure over the entire 
5000-100,000 cycle lire level at room tempe~ature, ,, 
600° and 900°F. At 800°F, beyond 60,000 cycles, the 
allowable strange range for failure at the slowe:r 
cycle rate is greate:r than at the faster cycle rate. 
' (2) The effect of temperature on the low cycle fatigue 
li:Ce of "T-1" steel varies with cycle rate, strain 
level and temperature range. At 600°F, for both 
cycle rates, the allowable strain range fo~ 5000 
cycle fatigue life is less than that at room 
temperature. At the 100~000 cycle life level, this 
is reversed. At 800°F9 and 900°F for both cycle 
rates, the 5000 and 100 9 000 cycle allowable strain 
ranges are less than those observed at room tempera-
. ,, ·.~ . .:.; . . . " . . 
tu:re, although in the case or the 900°F 12,000 cycle 
per hour data, the dirference was small. 
(3) Anomalous slope changes in the 12~000 cycle per 
hour and 1100 cycle per hour fatigue curves were 
OQserved~ These slope changes appear to be 
22 
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,· 
associated with complex aging phenomena in "T-1" 
steel. 
(4) Increasing temperature increases the plastic 
compon.ent ...... Qt_~-~-tlle ... ~~t.o-tal:-fa~ti.g.ue:==s_train__fir "TOltl n 
steel • 
. . ---- ..... :.~.~ ...... , ............. ,,. ~········----··----··· 
, (5) Fatigue cracks observed in "T-1" were predominately 
- ..... - . - ·- -· .. 
(! 
transgranular. Changing the cycle rate from 
12,000 -· cycles per hour to 1100 cycles per hour had 
no ~bservable effect on the manner of fracture an.d 
fatigue crack propagation over the temperature 
r~ge r.rom room temperature to 900°F. 
(6) Inclusions play an important role in fatigue crack 
propagation at elevated temperatures by offering 
a preferred location for crack propagation at the 
interface between the matrix and~nclusion. 
( 7) In the design of "T-1" steel pressure vessels 
for operation at elevated temperatures 9 design 
should be based upon a creep rupture criterion 
above 950°Fo Below 700°F, design based upon 
static properties is satisfacto~y. Between 700° 
and 950°F, fatigue resistance should be the 
significant design criterion. 
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Steel C Mn 
"T-1" 0.18 0.85 
' 
TABLE I 
CHEMICAL COMPOSITION OF THE STEEL TESTED 
% Element 
,p s: Si Ni C:r Mo 
o.008 0.017 0.25 0.85 0.48 0.50 
\ 
·, 
:(j. 
l 
:! 
V Ti ·Cu 
I 
o.04 . ' o;.003 0.27 
~· 
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:1 TABLE II .< ,, 
"T-1"* MECHANICAL PROPERTY DATA : / 
Temp. Y.s. T. S. YS/TS % R.A. % El + E. n (Kai) (Ksi) . ti, x106 - 1 
., 
I 63.2_ Room temp. 119.0 131.0 90.9 19.5 .095 
I 
30 
l 
I 
I 
600°F 91.2 102.5 88.9 57.1 20.0 .107 26.8 
800°F 85.2 101.5 84.0 61.8 21.0 .070 25.6 
~· 
900°F 81.4 92.5: 88.5 67.0 :l·9_.-:o .040 25.0. 
~f-All tests rim on as received material 
~ 
-~ + Strain hardening exponent 
··l j _., . 
.. 
f\) i 
\.n. 
··•·· 
;.· 
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TABLE III 
MEASUREMENTS OF THE ELASTIC AND 
, · A PLASTIC COMPONENTS OF THE MEASURED STRAINS~} 
~ . - ........ ·-
Room . 
~empera ture 
,····•·""' ,.,. ,~ ., .• ~.: <c~ ••• ,..., • .,,. • r•',. , • .,,. 
% Total Strain. 
1.39 
1.03 
0.98 
0.81 
0.78 
0.72 
0.43 
% Plastic Strain 
Oo24 
0.09 · 
0.07 
0.03 
0,02 
0.01 
0. 00 ... 
Cycles to 
-Failure 
2600 
5180 
5600 
6700 
11200 
18400 
184000 
600°F 1.20 0.33 3000 
1.21 0.29 ~ 3250 
__ : __ ·--·· ----··· .. _ ·--·--· ---·· --·- ____ . _, •.. _ ->~ ~~-~-~,---·--··---·--·-·-· ---------·-- -- - -··-··----···---~. - •• ·, ... -. . •.•.• -,,. .... ,--.,,.-···------···--- -- l·· •.. 08--···- · · -· ··-···-·-.. --··---·- --·- ---··-·----- --- -· · ··-· -·0 ·.--3-0-- -------------·-- .... ---------- -- -- -·-··- -··3,·00- ·· · ·· ··--·- ···-·-----....... ~.-· ..... ,.,a-----· -~-· ---- -~-- - ·-··--- ···--
0.89. 0.22 6125 
0. 70 "" 0 .. 13 14000 0.53 0.08 32000 0.47 0.04 86700 
. 
800°F 1.017 0.33 4400 0.90 0.23 300 0.805 0.09 9100 
0.715 0.12 17100 0.61 0.08 19500 
0.62 0"07 25too Oa48 0.01 >120 00 
900°F 1.315 0.40 1950 
la.095 e-. 0.36 2500 
lo07 0.28 2900 Oo84 0.23 3300 Oo85 0.18 3too Oa73 0.16 6 50 
0.70 0.16 8850 
o.66 0.14 109.50 
0.40 0.03 . 48800. 
... 
* . . All tests run on as ~eceived material 
:• 
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Temp. 
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TABLE IV ! 
'· 
.... SUMMARY OF FATIGUE PATA 
Total Strain% - 12,000 Cyc/hr 
Cycles to Failure 
; 
Total Strain% - 1100 Cyc/hr 
Cycles to Failure 
,. 
5000 10000 20000 40000 60000 80000 100000 5000\ 10000 20000 40000 60000 80000 100000 
RToom 1.05 10.88 0.76 0.63 0.57 0.54 0.49 1.05! 0.80 o.66 -0.54 0.49 0.46 0.45 ij em.p. , 
600°F 0.99 0.81 0.70 0.60 0.56 o. 55 . 0.52 
800°F 0.87 0.77 0.70 0.62 p.50 0.43 0.36 
900°F 0.89 0 •. 79 0.72 0.63 0.61 0.51 0.43 
.. 
·' 
\ 
: . : 
;i 
0.98: 
I 
i 
0.90: 
: 
0.79 '. 
·• 
,! 
,1 
·' 
"! 
i 
' 
! 
-.: 
I 
0.76 
0.76 
o.64 
0.62 0.52 0.48 0.47 0.46 
o.66 0 •. 53 0.51 0.48. 0.46 
0.54 0.4~ 0.49 0.36 0.35 
t· -,, 
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TABLE V, 
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ROOM AND ELEVATED TEMPERATURE FAILURE DATA 
: 1. 
~ Stress to Stress to Stress for $tress for 
Tens:i1e Rupture in Rupture in Failure in Failure in 
Temp. ~ti;:ength 100000 hrs~z. 10000 hrs* 10000 Cycles 100000 Cycles 
· °F , 4 psi psi psi psi 
80 
600 
700 
800 
900 
-
-
-
-
12000 Cyc/hr 12000 Cyc/hr 
44,000 
36,200 
-
32,800 
32,900 
36,800 
34,800 
... 
; 23.,000 
' 
' 26,800 
' 
1000 
1100 
32,700 
25,500 
27,500 
25,200 
23,100 
21,100 
\ 
I 
\. ' 
17, 300---
97,000 
83,000 
49,000 
12,000 
3,200 
98,000 
86,000 
59,000 
20,000 
5,700 
-
-
-
-
' 
l*nefe;t.tnce ( 18) 
·~· 
Stress for 
Failure in 
10000 ,cycles 
psi 
1100 Cyc/hr 
40,000 
34,000 
-
32,400 
26,700 
-
-
Stress for 
Failure in 
100000 Cycles 
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Figure 3. Mechanical Strain Amplifier 
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